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LIMITS Oj? SINGLE-STAGE COMPRESS1ON IN

.. CENTRIiWGAi SUPERCHARGERS FOR AIRCRAFT*

By K. KolZmann ~

suMM-4~y

The limits of the single-stage compression in super-
chargers at the present state of development are deter-
mined by five factors:

1) By the rotor material, whose elasticity limit is
usually so high +h,at even the highest circum-
ferential speeds used at present have failed
to disclose any permanent form changes;

2) By the formation of the flow, which through
structural measures (double shrouded rotor,
rOtSlt~ilg entry vanes, guide vanes) is to be
with a minimum loss. Here it is found that
the best adiabatic effictencics are always
obtained at well-&efined circumferential. speedsI

I of around 200 to 260 m/’s. Although efficien-
cies of the order of 80 pcrccllt or moke are
~~oss”ible at these speeds, experience in the
p~actical operating raqge, i.e. ,,at circumfere-
ntial speeds of from 350 to 400 m/s has shown
th#Lt efficiencies of 70 to 75” percen-t can

~’11c~nsequence’scarcely bs attained. the
rated ‘horse~ower ceilin~ obtainable with singl@-
Stage, compression and admissible air tempera-
tures of around 80° at engine intake is limited
to about 6 to 7 km flying height.

3) By the m~n,ufacture - the nan,ufacture of double
shrouded rotors which produca< an especially
‘bcnoficial st~percharger efficiency entails an
alrnos$ intolerable incre~.se in.weight and ntinu-
facturing.difficulties .

*“Grenzen zur einstufi~en Ve~dicitunR in Schleuderladern
fiir
PP ●

3’lugmotoren. II ‘Luf~,,Jissen, +01- ~, no. 3, March 1940,
54-61.

,.

-,. . ,-, ,,,.,,,,,,-,., ,, ,



.“. ”..’,. ,, .. .. . . . . . . ,,, . ,.
,., .,. - ,., ,,, ---

NACA .Technical. ~emo~and.un N.09.954
,,, ,, ,:, --- ... -. . . ..” .,.-’

4) By the bearing problem - as, the. supercharger, speed
increases.. the bearing difficulties with plain
or rollei; beaiinzi “inc’rea.ieenormously. Accord-
ing to practical exper.ienc~s.,,the .s”peed even
with roller “’bearings shoul~ be kept below 2’7,000
to 30,000 revolutions per minuteg

5) By the drive method - the rise in revolutions per
minute and pressure ratio was accompanied by
the development of gear drives with one or more
speed cha~~:;es ~~ith their inevitable difficul-
ties, although speed control is absolutely” nec-
essary for high take-off powert An infinitely
variable s~)e~d drive is the ideal solution’,

INTROIIUCTION

Todayls flight ran.gc includes any altitude as high
as the stratosphere. This calls for highly developed su-
perchargers in order to attain high powers at these
heights, The necessary sin{;le or multiple stage super-
char~ers thus becomo structural parts of the engine which
have a profound effect) on its over-all design.

In a number of engine types tho supercharger is mount-
ed behind the engine, the supercharger shaft being a di-
rect extension to the crankshaft or parallel to it- This
is of great advantage for the gear. drive~ insofar as sim-
ple spur gc’ars ca’n be i~sed, but this ‘~ain is offset by the
right anglo.be~lds of the

,,
nir both .on the suction and the

exhaust side, Tho Rolls. Iloyie Merlin (fig. .3) , for in-
st~ilce; has 2 x 2 right an~l: behds up to the rotor inlet
ancl two more in the pressuye line~ Such bends are,
aaturallys ‘sources. of loss which should bo absolutely
avoideclc On the liquid-cooled,
(fit;.

in-line Junkers Jumo 211
1) and on the Merce?.cs -Benz DB 600 (fig, 2), the

su.pcrchar~;cr sho.t’tic perpendicular to the longitudinal
,axis of the engine and the superch’ar~~e.r.is mounted 01~the
side, thus neccssit~.ting only one rii;ht-angle bend for in-
ducting the ai?r axially into the ‘supercharger rotor,

If, in addition, provisions aro made for undisturbed
air scoop flow, the total flight dynaxiic pressure can le
utilized for supercharging, which becomes evident in” a
rise of the rated horsepower ceiling. The amountof this
rise by fully utilized flight dynamic pressure ‘is illus-

L ,, I
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tr~ted in figure 4. At a speed of 600 km/h, for instance,
,. it:namounts .to .ab.out-14C10--meters .. ,:: , :,_

To keep the losses in the indtiction ’lines at a m<ni-
mum great’ speed changes’ ‘should be avoid.od., The air in-
ducted at around flyingspced should r’eac’h’the supercharg-
er without speed change. The inlet section iilto the,,.su-
perchargcr rotor is. th,us deter.mine’d, The’ developments of
the past years, “which from the airplane po,int of view nave
raisgd thh flying speed enormously, have therefore also
exercised a direct. effect on the superchargc~ dimensions.
They made smaller inlet openings possiblo and so improved
the, supercharger efficiency. The use of a diameter ratio
(of the supercharger rotor) Di/Da = 0.5 to 0,.6 has
hereby proved especially suitable.

The choice of outside rotor diameter (Da) is deter-
mined mainly from the -pressure head required, The connec-
tion of the various qus,ntitiefl : rated horsepower ceiling,
boost pressure, tip sp[>ed, outside diam~tcr, and rotor
revolutions per minut’e, for cliffcrent supcrcilargcr ..effi-
cicncies - is seen from figure 5, ~or equal efficiency
(75 p~rccilt) and equal speed (25,000 rprn) of the super-
charger, a rise from 6 ‘to 10 km in rated horsepower ceil-
ing (boost pressure, 1.5 atn) requires an. incrcaso in tip
s-peed from 340 m/s to 420 m/s and of the rotor diameter
from 260 mm to 320 mm. The induction temperature itself
rj.scs from Iloo to 16~o- For 60 percent efficiency in-
stead of 75 percent. bhc values would be as follows:

TABLE I
.—_.

Efficiency ~ 75 percent
———--”+&-

Ratcd altitude horsepower, km 1 ‘“6

-4

Outlet pressure, atm
Induction pressure, atm
Induction tcmpore,tu.rc,

Supercharger, rpm
Outside diame%er of i-otor, mm ~ 260

Tip speed, m/s

r

34’0
Temperature ri~e, oC 110
Outlet temperature, ‘C 87
Adia3atic pressure head, mgs 8,470
X’ressu.re ratio 2,7

. .—

+5
1.3

0.483
-50

25,900
~~()

—.

420
168
118

12,950
,4.85

—.

60 percent

‘T

1.3

0.483
-23

1.3
0.,4/33

-50

25,000
290

380
3-3(3

“ 113
8,470

2.7

25,000
350

460
210
160

l~,950
~m85

, .,
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While at low rated horsepower altitude the induction
temperature , which is usually below 100° C, plays a su?J-
ordinate part, it becomes important at high rated horse-
power altitude and then everything must be done to assure
the:best supercharger efficiency for the entire operating
range of the cngino~ or else air coolers must be resorted
to. Iilcidentally, the highest antiknock fuels tend toward
detoilatioil as the induction temperatures rise. Proceeding
from a practical induction temperature of 80° C while dis-
regarding the possible cooling effect of the inlet air be-
fore the inlet values as a result of fuel vaporization
the required supercharger efficieilcY for certain rated
horscpo~wer ceiling and boost pressures can be computed,
With a 1.3 atm boost pressure and a 6 km rated horsepower
ceiliil~ a 78 percent efficiency is still sufficient, but
this must be raised to about 98 percent in crder to reach
a rated horsep~wer ceiling of 10 km (fig. 6). At the
present state of development of centrifugal superchargers ,
it may be coilceded that a ’78 percent efficieilcy can be
reached at least within a certain power range of the en-
gine, It is not lik~ly that a 98 percent efficiency will
ever be realizable even in tile future. In view of the
heat stress’ss of the engines and the knock characteristics
of fuels limiting induction temper.~tures of about 80° C
will be necessary. This means that for rated horsepower
ceilings above 6 km, the boost air must be cooled, and
this fact explains why the 6 km ceiling is at present the
UsUC.1 lililit. For exceptional reasons, such as altitude
records, the use of air coolina is resorted to, as for in-
Str.nce, is furnished by the Bristol company in the design
of 0, special ,airpl{anc mounted with a Bristol Pegasus engine.
It rec.ched the record height of 16,470 meters (fig. ‘7),
where the atmospheric pressure dropped to 77.8 nm Hg at
-49.8° C air temperature. The engine was fitted with a
gear-driveil su~ercharger for a rated horsepower ceiling of
about 4500 meters, supplemented by a two-stage booster
(fi~. 8). Thisbooster charger was also engine driven
across an extension shaft fitted with control clutches op-
erated by compressed air servonotor. I+etwee.n the two
stages of the additional supe~charger the air is cooled
in special coolers. Bristol also has another patented in-
tercooler between the separate cylinders.

!Thereas~ on the ono hand, a limitation of air temper-
ature is necessary for reasoi~s of heat stresses, any pres-
sure ratio c,~n be achieved ,hy successive supercharger
stages, one behind the other, so as to r,laintain a certain
inclu.ction pressure at high altitude.

——II m.m.mmmm
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The installation on the .ongine and drive of super-
.. chargers wi-th..several,p.&ess_R~e stages will prokably always

remain a difficult problem, whcirice‘sih~le--st’ag”ecom’pres- .
sion to na,ximum supercharged height will tilways be ‘at-
tempted.

In the following, the li~litations of ,sinf;le-stage
cei~trifugal superchargers is discussed in the light of
present-day development.

1. Material of Rotor

According to f~.gure 1, a rise fron 6 to 10 km rated
horsepower ceiling by equal ef’ficien.cy requires a 24 per-
cent increase in rotor tip speed. Since the centrifugal
forces increase as the squaro of the tip speed, an increase
of about 50 percent in tensile stress in the radial blades
of the ??otors is involved.

Coilsiderations of weigilt ,qenci’ally rule out steel as
m~.t~ria~ for rotorfie With high-grade IiGht alloys of from
35 to 40 kg/mm2 (45,700 to 55,~00 lb/in2) yield point aild

/of from 48 to 55 kg m,mG (68,30G to ‘78,200 lb/in2) tcnsilo
. strength, it is possi’olc to control the centrifugal forces
at high ti-p spc’eds. 1’11tl’3C!OI’;J,
lized which has a ratio

aZIY matcl”io.1 can, be ll.ti-
~Tj.el~-point to specific weight of

the same order as hi~h -duty Stcc?l. This value .1s
80/’7.5 =

nbout
10.7 (11,400/7.5 = 16.,200) for high-duty steel VCMO

140 while for dural.umih DN31 it is as hi~h ns 3,8/2.8 =
13.:,. With elcktron of about 1.8’ &/cm specific weighte
‘“5”~trcn~th factor of only 19 :0 20 &Y/mm2 (z7,000 I.b/ /
to 28,400”lb/#$@- j.s required to equal tl?c safety factor
of the best steel. From the point cf view of. fatigue,
however, light ~L~loy is definitely inferior to steel-. T~~,i~

. difficul-ty CP,ll,however, be overcome by proper design.

The Nerced.es-Benz duralurnin rotor (fig. 10) wei<hs
only 880 g (1,94 lb), but has given no evidence of perma-
nent form changes at tii> speeds hi> to 450 m/s. Desj.gncd
in clcktron. this weight could be lowered to 668 g (1.47
lb) for practically the same factor of safety. A cornpari=
son of the rotor weight of differcilt engines (t.able 11)
proves what cc.n be accbrnplis!led by proper design.
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TABLE II

Engine

.— .— —— -———
-u

I
Merccdos-Benz DB 600 0,880 0.668

Rolls-Royce Merlin 3.0 I --
RO1lS-ROYCC Bussarfl

I
2.36

I
..

.——.——— —.——.——.

Unfortunately , thorc is no method of predicting the
stesses in a supercharger rotor. These are largely deter-
mined. by the centr~.fugal forces which increase wit!z the
square of the tip speed. But the stresses ensuing from
the torque transfer to the air arc superim-posed as bending
stresses. And these are suppl.emcnted by rhythmically al-
ternating forces, especially in spiral casings, by which
as the individual blad~s of the rotor rush past, force
impulses oil the tongue of the pressure spiral protruding
into the prossuro chamber are released on the lla,des.
Suitability or tori-ectness of a design will have to be de-
cided by practical experiments, So fal- as can be judged,
it may be stated that at the moment no limitations of tip
speeds exist if the char,actsristics of the material are
properly taken into account in the desigil. Of course., the
many different rotor shapes permit of no generally valid
empirical data. Rotor designs as employed on the Jumo 210
211 (fi~. 11) must naturally he assessed differently than
the conventional rotors (fig. 10). It may be assumed that
the Junkers type rotors (fig. 11) are substantially more
susceptible to overspending, since the self-contained,
closed blade chailnels produce more complicated material
stresses.

Even so, it is maintained that the material for ro-
tors available at the j?resent timo does not restrict the
development of sw-~pcrchargers with highest possible tom-
prcssion, since it is possible with light alloy rotors to
roach tip speeds of more than 450 metcr~ per second.

]%7~+&?c.

2. Aerodynamic Points of View

Attainment of the velocity of sound presents, as far
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as. can be Judged at present, .nojdefin.ite limitation. In,,, .....
practice , -however, the poss,i-oj.li,~.ie~.o;one-sta.ge compres-
sions are to a certain extent narrowed down “%y th”~ aero-
dynamic effects. Ir~.figure ,12i the characteristic field
of the experimental supercharger developed by the DVL is
,illns”tt’ated. This. supercharger was ~systematically devel-
oped to a maximum efficiency by. optimumdesign’ of every
sin~;le ~art, Tho double shrouded rotor was,. to improve
the ihflow conditions, fitted with special ~OtCLt~ilg”.Cll$2?~
vanes, }ihosc entering edges were designed for shock-free
air entry. llhe discharge “blades and the adjoining pres-
sure spiral themselves were, after a num.ber,of tests, of
the most l)eneficial shape. On studying the characteris-
tic field of this supe~charger it will Ve noted that the

\ maximum efficiency, a.mountin~ to shout 83 ~3ercent, is lo-
1 catetl at around ~?~c~tO 220 1,1/S. As the revolutions per
minute incrc:ise the efficiency drops rapidly, so tliat for

; air VOIU.C,CS of around 1.,4 to 1.5 m3/s and around 27,000
rpm as encountered in practice, efficiencies of from 68
to 70 pcrC2ilt can be cou.nt,cd on.

On comparison of this characteristic field. with the.t
of other ~eiltrifugal super~hc.rgcrs$ it is found thut -
irldepcildeat of the supf’rchars;cr ticsign - the best effi-
ciencies always rr..ngc bet[{e2n about 200 to 260 m/s. 5c-
r,odcling the suporchar{.;cr alters the absolute val-uc of the
best cfficioncy hut ilot,its positiOn in the char:.lctcris-
tic field.

This characierist~c pi~cnono~ion is als,o evident on
the l,i~rc~d~s-Benz DB. 600 su~]erchargcr with n maximum cf-
ficic:lcy of 68.5 percc~lt at 245 n/s rotor tip speed (fig.
13).

Another fact, WhGll comparinz characteristic fields
~ of differeilt superchargers is that,
I Cieilcy

while the best effi-
in the 220 m/s tip speed range with optimum design

I of all yal’tsaffecting the supercharger effi,cieacy can be
~ raised to about 80 ~~ercent, the attainable improvements
in the prc.ctic.al,ran~e of from 350 to 400 n/s are quite

[ small? ~or the. llVL.sup,ercho,rger (fig. 12) ~he best COm-
~ pression Gffi~:LC1lc;TWaS ,aropnd 8L p-arcent, or a gain,, of
~ 15 pereen~r over. “the DE 500 supercharger.. At tip, spo”eds
1 of’ the order of 3s0 rl/s$ however, the best cffici’encyin
_botilcases d;ops to 68 percent. !This action of the supex’-
char.gers is naturally ~.cpcnd.ent upon the’ _phenofilcnaOf flov.
Unfoytullatclyt the iild$vidua.1 factors, such aS ilum,berof
blades , shape of in-poller, friction 10SSCS, gap losses,
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etc, , are ‘not amenable to d.e%inite mathematical treatment;
hence the tifficiency curve cannot be plotted beforehand-

So, at the present ,state of supercharger developments
the ‘test possible efficiency ranges ?)ctween 70 a:ti75 per-
cent, referred to the “pimactical operating range, For a
limitiilg induction ternpcraturo of 80° C this means that
singlz-stage compression will give compensation up to a
maximum altitude of 6 to 7 km.

Not until the maximun efficiencies of as high as 80
to 83 perceilt are realizahlc at high tip speeds will it
ever ke possible to raise the present l_i.mitof rated horse-
power altitude.

3. iianuf~lcture

The best efficiencies of from 80 to 85 percent of the
DVL experirneatal supercharger (fig. 3.4) were achieved with
a rotor whose blade passa~es were shroudod on both sides.
But manufacturing dj.fficultics and considerations of
weight make it qucstiona%lc whether or not this is Justi-
fied in comparison to the single shroudod impeller without
entry vanes and which prcseilts no ma.nufactu.ring difficul-
ties. The possiblo gain in compression efficiency of such
d~sigil~ is limited in any case to rolativcly low tip
speeds which are of no great practical interest.

Moroovoi”, the weight of the double shrouded type will
always ‘OC from 50 to 100 porccnt’heavier than for the
sii~{;lesk,rouded. type.

TO insure small supercharger dimensions and low struc-
tural weight, the speed of the supercharger shaft will al-
ways be the maxcimum consistent with the shaft hearings. An
empirical rule for roller ‘bearings is given by the product
of shaf,t d-iaaeter in mm with rpm. This product should not
exceed 500,000 to 600,000, i..e., a 25 mm shaft mounted “on
roller beariilgs will run satisfactorily at 20,000 to 24,000
rpm. Spocds in excess. Gf this are possible, but require
extreme care in the, fitting of the bearing and its lubric2.-
tion. The practical limit of operation seems to be cf the
order of 30,000 rpm (reference 1). (See also NACA T.M. No.
945*)

.—
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Plain bearings with special bronze s., partly with
flo.ati,ng.lus!~$?lgsare al:o,~~sed.. Howev,er, for ,taking Uio
axial thrust the use of roller ‘be.~r”ingsshould, in general,
be simpler. Sealing the shaft against oil should also be
possille by sj.rnplermeans (labyrinths, ?iston rings, etc.)
with ro%ler bearings which generally use much less oil
than plain hearings.

Unfortunately, the learing stresses (longitudinal
and tran~versc) induced ly the rotor cannot be estimated,
so that bearing ventilation and break-down must be esta”~-
lished for every case by special tests. Eu.t even for plain
bearings no gencr~~lly applicable data can be given regard-
ing clearance and choice of material. It is certain, how-
ever, that on the basis of past experiment.al work and. ex-
pcric:occ the requirements ctan be met with sufficient opcr-
,ating sr,fety. But even then it requires further study nnd
research to rc,ise the prcs.ont limit of 2’7,000 to 30,000 rpm
to still hi@cr rpm.

5C* SUpercilCkrgor Ilrivo (Gears o.ilfi.,Clutches)

!7he rise in pressure ratio obtainable in a single
supercharger sta,~e entails a substantial increase in the
SU.pei’charger power ‘which the eiqgj.ne must transmit by me-
chanical drives arl.dclutches to the supercharger. With a
comPr~s~io~. effiCienC:T Of 70 ~erco~lt, for instance, the
provi<ion of 1.3 atmos-phere a~solute at 6 km absorbs about
12 to 1.3 percent of the engine power. The power 10ss near
t]lo ground is thus very considcrahlo unless a.varia.ble-
speed drive is provided. !2b.eclutches c,re Kcnera.lly of
the multiple-disk type operated by oil-controlled pistoils
cr centrifugal force. The sl~ift from low to high gear
is usqaliy effec~ed ‘oy hand. Some airplane cnginesare
already fitted with such multiple-speed gears for the su--
percharger drive (reference 2).

Although automabic mntrol has no-~ been attempted so
far, future developments will undoubtedly l.~ad to it. Be-
yond that, attempts will he made to replace multiple-speed
dtiivbs by ii~.finitely variahlc speed drives. And a number
of contributio~~s to th”is end iln,vcalready “b-een made. They
arc partly based. on friction gears, partly on hydraulic
equiPme~lt~ ThUS ~ the Junkers had fitted the Gt4 engine
with ail infinitely variable spec’d drive which, however,
proved unsticccssful (reference 3). Ilveil the number of /
foreign patents are evidenc~ of the interest displayed on

. . .

1— –-,!
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this subject. A solution o:fthis problem would at the
. same time remove the c’ompeti’tion between suction-.s,ide

and pressure-’si”de’ control (refe~*enco 1; p. ~~5)*

The a.dvantago of pressure- side’ control is above all
based, on structural reasons. The d’i’meilsionsOf tho throt-
tle become smaller, which is important for its operation
by tho boost-pressure rc6ulator. Since the low pressures
on tho suction side of the supercharger merely correspond
to the velocity head of the air in the inlet section - it
may even bccomc high pressure by dynamic pressure utilizU.-
tion - the oil-sealing difficulties of the sui>ercharger
shaft drop into t.h.ebackground. Then the sinylest type of
ser.].,the labyrinth, can be successfully employed even for
high pressure heads.

Wiih correct sv.pcrchc.rgcr ,design and correspondingly
favorable characteristic field (flat curve for Xpmo wide
efficiency m,aximun) untoward effects caa also be avoided
in opcrc.tiong I’Oi*instnncci for the characteristic curves
plotted in figure 14., the poilltS fol. supercharger opcra,-
tion ~.t ratedhorscpowsr height (N) and at sca level by
SUCtiOIl side (~s) [~nd prcs~uro side (Bo) boost-pressure
control arc those shou{u in th,c plcLt (i-ef~r~~ce 1$ fig. 11).

The operr.ting point is purposely plr.ccd.at sea level
by suction-side control in the region of maximum super-
charger efficiency and maximum adiabatic pressure hcad~
vhich ‘orings out the conditions for s-iction-side control
in an especially favorable light. The iaatei!!horsepower
h,cight itself was ~.ssumeiiat 4 km. This is equivalent,
according to practical flight test

~wo$ ‘: f:;;:n:: ‘;”r-

dout 10 percent in suporchargcr welght$
sting point N the volume of air indu ted amounts to
about 1.48 kg/s, at point Bs and. BD” to alout 1.35 k~/s
each. At cliffer~nt adiabatic ef’fieicilcies the supercharger
output per kg/s of inducted ~.ir is for BD as shown in
ta’ble III.

TA3LX 111

‘D3s _ -. ,___

“T

60 percent 65 pcrccilt

N;. ● ● ● . . ● hp/kg 150 1’?2 159

AN. . . . . . .0 hp/kg - 22 9
-—

At. . . . . , . . OC 95 110 100

— .-.. ..-.

.——-.
68 perceilt

150

0

96

... .
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With 68 percent adiabatic efficiency, the conditions
in point- .BD. are .already..th~ same for supercharger power...—-.. .......
input and temperature rise of charging air by” suction-

.-

,.
and firessure-side control,

It is not right to start a comparison of presstire-
and suction-side control from the sea-level point for suc-
tion-side control and to assume it also as the sea-level
point for pressure-side control. Such a supercharger is
absolutely of the wrong dimensions for an engine whose air
required is so large that the sea-level point of pressure-
sidc con’trol coincides with the sc.a-level point of suction-
sidc control. On the contrary, it is necessary to proceed -
for a given engine and supercharger design - from the oper-
atiilg point at rated horsepower height. Without accurate
knowledge of its characteristic curves it is impossible to
Judge what tyPe of suPerch~rgOr control is more economical.
AS the excmplc indic~.tcs$
designed,

if the supercharger is correctly
it is possible to .~chi~?ve, CVCn with pressurc-

sidc coi~trol, ~ condition of no power 10SS at sea lcvclm
On superchargers with multispecd drives the sea-level op-
erating point in the low speed can be placed, even with
pressure-side control, in the ran~e of maximum supercharger
efficiency, so that usually some advantage over the suction-
side coilt~ol can be gained,

Translation by J. Vanier,
National Advisory Committee
for Aeronautics.
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1. von” tier 3Ti11.1,Werilers Ladeeinrichtullgen fti.rHochleistun.gs-
Brennkraftmaschinen ~ insbesondere “l?lughctoren. ~~~,

1938, p. 286, fig. 12.

9a. Luftwisseil JahrS. 1938, vol. 5,’no. 1, p. 22, fig. 4.

3. Die Luft\wacht, I!ay 1935, no. 5, pp. 169-71.
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l?igurel.- hnkers~wko 211
airplane engine.

?igure 2.- Mercedes-Benz DB600
airplane engine.
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